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Human keratinocytes (HK) migration plays a critical role in the re-epithelialization of acute skin wounds. Although
extracellular matrices (ECM) and growth factors (GF) are the two major pro-motility signals, their functional re-
lationship remains unclear. We investigated how ECM and GF regulate HK motility under deﬁned conditions: (1) in
the absence of GF and ECM and (2) with or without GF with cells apposed to a known pro-motility ECM. Our results
show that HK migrate on selected ECM even in the total absence of GF. This suggests that certain ECM alone are
able to ‘‘initiate’’ HK migration. Unlike ECM, however, GF alone cannot initiate HK migration. HK cannot properly
migrate when plated in the presence of GF, regardless of the concentration, without an ECM substratum. The role of
GF, instead, is to augment ECM-initiated motility and provide directionality. To gain insights into the mechanism of
action by ECM and GF, we compared, side-by-side, the roles of three major mitogen-activated protein kinase
cascades, extracellular-signal-regulated kinase (ERK)1/2, p38, and c-Jun N-terminal kinase (JNK). Our data show
that ERK1/2 is involved in mediating collagen’s initiation signal and GF’s augmentation signal. p38 is specific for
GF’s augmentation signal. JNK is uninvolved in HK motility. Constitutively activated p38 and ERK1/2 alone could
not initiate HK migration. Co-expression of both constitutively activated p38 and ERK1/2, however, could partially
mimic the pro-motility effects of collagen and GF. This study reveals for the ﬁrst time the specific functions of ECM
and GF in cell motility.
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Cell migration plays an important role in a variety of bio-
logical and pathological processes, including wound repair
and tumor metastasis (Lauffenburger and Horwitz, 1996).
Extracellular matrices (ECM) and growth factors (GF) are the
two major pro-motility stimuli, which together control opti-
mal cell motility (reviewed by Eliceiri, 2001; Schwartz and
Ginsberg, 2002). In vivo, ECM are large immobilized con-
nective tissue molecules, upon which cells can attach and
migrate. In contrast, GF are small, soluble, diffusible, and
sometimes membrane-bound, polypeptides. ECM and GF
elicit their biological effects by binding to and activating two
distinct families of cell surface receptors, integrin receptors
and growth factor receptors, respectively. Based on obser-
vations from in vitro studies, cell movement towards a gra-
dient of ECM in the absence of GF is referred to as
‘‘haptotaxis’’ (Carter, 1967). Cell migration toward a gradient
of soluble GF is known as ‘‘chemotaxis’’ (Devreotes and
Zigmond, 1988; Zigmond, 1974). Although these two kinds
of cell migration are generally regarded as independent and
separable events, ECM and GF can act synergistically to
stimulate cell migration (Tucker et al, 1991; Klemke et al,
1994; Plopper et al, 1995; Mainiero et al, 1996; Ware et al,
1998; Woodard et al, 1998; Maheshwari et al, 1999). Such
synergism is likely achieved by interactions between acti-
vated integrin and growth factor receptors and cross-talk
between their downstream signaling pathways (reviewed by
Schwartz et al, 1995; Eliceiri, 2001). In vivo, ECM and GF
always co-exist and simultaneously act on the cells. Under
these conditions, it is not clear whether heptotaxis and
chemotaxis depend upon each other or act independently
to initiate and optimize cell migration.
One confounding and confusing problem in the scientific
literature is that a number of recently published studies
suggest that either ECM or GF alone are able to initiate cell
motility without the presence of the other. For example,
Satish et al and Russell et al showed that selected soluble
GF can stimulate human keratinocyte (HK) migration with-
out the presence of ECM. These studies used the so-called
‘‘in vitro scratch’’ assay in which uncoated plastic or glass
cover slips serve as the substratum upon which the cells
migrate (Satish et al, 2003; Russell et al, 2003). Similar
studies have been reported in human dermal fibroblasts
(Javelaud et al, 2003; Satish et al, 2003), murine embryonic
fibroblasts (Nobes and Hall, 1999; Bladt et al, 2003; Cuevas
et al, 2003; McAllister et al, 2003), human lung epithelial
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cells (Galiacy et al, 2003), and smooth muscle cells (Hsieh
et al, 2003), to just mention a few. A cursory reading of these
papers could make one believe that cell migration can oc-
cur in the presence of GF without the presence of ECM.
Under these conditions, it is not clear how these cells could
form focal adhesions, which are a prerequisite for cell mi-
gration. It is likely that within the in vitro scratch assay, the
cells have synthesized and deposited their own pro-migra-
tory ECM on the plastic or glass cover slips. The nature of
the cell-derived ECM, however, is undefined in terms of
composition and amount. Therefore, conclusions about the
pro-migratory contribution of the endogenous cell-derived
ECM vis a vis the exogenous GF could not be made.
In unwounded intact human skin, keratinocytes are in
contact with interstitial fluid or a filtrate of plasma. In re-
sponse to an acute skin wound, the transition of skin cells
from a stationary mode to a migratory mode is likely trig-
gered by GF and ECM to which they had not been previ-
ously exposed (Sarret et al, 1992; Huttenlocher et al, 1995).
For example, keratinocytes come in contact with serum for
the first time in the wound. We have recently shown that
human serum, but not human plasma, promotes HK migra-
tion (Henry et al, 2003). In the current study, using primary
HK cultures, we studied both the individual and combined
roles of ECM and GF on HK motility. Our results indicate
that GF by themselves are not motogens and cannot induce
HK migration in the absence of ECM. ECM play an active
role in initiating HK migration whereas the presence of GF
refines, augments and gives directionality to the ECM-ini-
tiated HK migration.
Results
‘‘Active’’ versus ‘‘passive’’ pro-motility signals: colla-
gen initiates motility and GF provide enhancement and
directionality to collagen-initiated motility We focused
our study on type I collagen (due to its pro-motility potency
for HK, see comparison of different ECM in Fig 3) and mixed
GF (supplied in the HKGS Kit, see Materials and Methods) in
the regulation of HK motility. The concentrations of collagen
and GF for optimal HK migration are 40 mg per mL of col-
lagen for coating and 1  GF-containing media (Materials
and Methods). Under these conditions HK migration
reached a plateau around migration indices (MI) of 30 as
shown by previous studies (Chen et al, 1994; O’Toole et al,
1997; Li et al, 2001). These conditions were used through-
out the experiments.
The colloidal gold migration assay and the in vitro
wound-healing assay were carried out under the following
conditions: (1) cells plated on an uncoated or polylysine-
coated surface in GF-free media to study if HK are able to
migrate in the absence of both ECM and GF; (2) cells plated
on a polylysine-coated surface in GF-containing media, to
study if GF can initiate HK migration without an ECM; (3)
cells plated on a collagen matrix in GF-free media to study if
collagen alone can initiate cell migration without GF; and (4)
cells plated on a collagen matrix in GF-containing media
that represents the optimal condition for HK motility, as
discussed above. The purpose of using polylysine as an
alternative control matrix was to enhance cell attachment.
In the in vitro wound-healing assay, pre-coating the dish
with polylysine prevents HK-secreted ECM from immobiliz-
ing on the plastic surface (J. Fan, D. Woodley, and W. Li,
unpublished observation).
As shown in Fig 1A, HK were able to attach but unable to
migrate on a polylysine-coated colloidal gold particle sur-
face in the absence of GF (panel a, arrows point to the
cells). Even in the presence of increasing concentrations of
GF, HK still did not migrate on the non-ECM substratum
(panels b–d ). In contrast, HK migrated on collagen in a
concentration-dependent manner even in the absence of
GF (panels e–g). The migration tracks, however, were small
and non-linear. In the presence of GF, the HK migration on
collagen was augmented in a concentration-dependent
fashion, as the migrating HK increasingly left behind long
linear tracks (panels h–j). This phenomenon of linear migra-
tion even in the absence of a GF gradient is specific for HK
as previously reported (Chen et al, 1994). These data indi-
cate: (1) soluble GF by themselves do not have any primary
migration-initiating ability for HK; (2) the role of GF is to
enhance collagen-initiated HK migration and provide direc-
tionality. Computer-assisted quantitative analyses of the
migration tracks are shown in Fig 1B. It can be seen that the
maximum effect of the collagen-initiated migration was
about 20%–30% of optimal HK migration in the presence of
both ECM and GF (bar 7 vs bar 9).
To confirm these findings, we subjected HK to an in vitro
wound-healing assay in the presence of mitomycin C (Li
et al, 2004), under similarly defined conditions. As shown in
Fig 2, HK did not migrate on an uncoated or polylysine-
coated dish either in the absence ( panel a) or the presence
(panels b–d ) of GF. In contrast, significant HK migration was
detected when the plates were pre-coated with collagen
even in the absence of GF ( panels e–h ). The addition of GF
to HK on collagen resulted in optimal HK migration and
wound closure ( panels i–l ). Quantitation of the data, defined
as the ‘‘Average Gap’’, was performed as described previ-
ously (Li et al, 2004). These results confirmed that GF-stim-
ulated HK migration cannot occur in the absence of ECM.
The selection of type I collagen as the ECM for optimal
HK motility in this study was based on numerous previously
published studies that HK motility is maximal on type I col-
lagen (reviewed by Woodley, 1996). As shown in Fig 3A,
type I collagen (Col I), type IV collagen (Col IV), and fibr-
onectin (FN) are three major pro-motility ECM for HK,
among which Col I is the most potent. Vitronectin is a
relatively weaker pro-motility ECM. In contrast, laminin-1
(LN-1), LN-5 showed little pro-motility properties, when com-
pared with either uncoated (1 and 2) or polylysine-coated
(15 and 16) surfaces. The quantitation of the data is shown n
Fig 3B. In contrast to HK, LN-5 served as a strong pro-
motility ECM for human melanoma cells, M21 and M24. The
quantitation (MI) is shown underneath the images (Fig 3C).
The results with HK apposed to LN-1 and LN-5 are also
consistent with our previous reports (Woodley et al, 1988;
O’Toole et al, 1997).
GF cause polarization and focal adhesion formation on-
ly when the cells are attached to a pro-motility ECM To
investigate the cellular basis for the GF-induced directiona-
lity and enhancement of ECM-initiated HK motility, we
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analyzed HK morphology when the cells were apposed to
either polylysine or collagen with or without GF by staining
with Rhodamine-conjugated phalloidin. As shown in Fig 4A,
we detected little polarized actin assembly in HK on poly-
lysine either in the absence (panel a) or in the presence of
GF (panels b–d). On polylysine, GF caused formation of fi-
lopodia and lamellipodia, but these structures were non-
polarized (panels c and d). No polarized actin assembly was
observed in HK on collagen in the absence of GF (panel e).
In HK apposed to collagen, GF, however, stimulated polar-
ized actin assembly in a time-dependent manner, in which
lamellipodia and filopodia were formed at the leading edge
of the cells (panels f–h, as pointed out by arrows). Under
these conditions, approximately 60% of the 80–120 HK
analyzed showed GF-induced polarization.
To further investigate this finding using other physiologic
ECM, we examined HK morphology when the cells were
plated on type IV collagen (motile), fibronectin (motile), vitro-
nectin (less motile), and LN-1 (non-motile). As shown in Fig
4B, HK showed no polarization on any of the ECM in the
absence of GF (panels a0, c0, e0, and g0). GF stimulation
caused polarization of HK on the pro-motility ECM, collagen
IV (panel b0), fibronectin (panel d 0), and less on vitronectin
(panel f 0). No polarization was observed on LN-1 (panel h0).
These results establish a correlation between GF-induced
HK polarization and GF-enhanced directional migration.
Finally, we studied focal adhesion formation in HK by
staining with antibodies against focal adhesion-associated
targets, focal adhesion kinase (FAK), phosphotyrosine pro-
teins (PY) and vinculin. As shown in Fig 4C, little FAK staining
was detectable at the cell surface in the absence of GF
(panel a). GF stimulation caused a clear FAK clustering at
the peripheral of the cells in a time-dependent manner (pan-
els b–d). Similarly, the presence of GF dramatically increased
surface clustering of phosphotyrosine proteins and vinculin
molecules in a time-dependent manner (panels f–h vs panel
e and panels j–l vs panel i). Much less patterned surface
clustering of these targets was detected, when the cells
were plated on a non-ECM-coated surface or a non-motile
ECM-coated surface, such as on LN-1 (data not shown).
Figure 1
Collagen initiates human keratinocyte
(HK) migration and growth factors (GF)
augment and provide directionality to
collagen-initiated migration. HK were
GF-starved overnight and subjected to
colloidal gold migration assays (Materials
and Methods). (A) Representative images
of the migration tracks under the following
four conditions are shown: (1) on a poly-
lysine control matrix in the absence of GF
(panel a); (2) on polylysine in the presence
of increasing amounts of GF (panels b–d);
(3) on increasing amounts of collagen ma-
trix in the absence of GF (panels e–g); (4)
on collagen in the presence of increasing
amounts of GF (panels h–j). (B) The com-
puter-assisted quantitative analyses of the
migration tracks are shown as migration
indices (%) (Materials and Methods). This
experiment was repeated five times and
closely similar results were obtained.
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Differential participation of the major mitogen-activated
protein kinases (MAPK) cascades in HK migration ini-
tiation and augmentation To gain insight into the cellular
mechanisms by which ECM initiate and GF augment HK
motility, we focused on the functions of three major down-
stream MAPK cascades, ERK1/2, p38, and c-Jun N-termi-
nal kinase (JNK). In cells, these kinase cascades act as
‘‘signal sorters’’ for a variety of the upstream signals before
entering the nucleus (Chang and Karin, 2001). The purpose
of our study was not to re-discover the importance of MAPK
in cell motility. Rather, by studying these three MAPK side-
by-side in HK, we wished to begin to dissect how these
MAPK participate in the initiation, augmentation, and direc-
tionality signaling, leading to optimal HK motility.
First, we tested whether GF treatment would activate all
the MAPK in HK. As shown in Fig 5, GF stimulation caused
activation of ERK1/2 and p38 in a time-dependent fashion
(panels a and c, lanes 2–5 vs lane 1). In contrast, we could
not detect any JNK activation (panel e). As a positive control
for these experiments, treatment of HK with TNFa or LPS
potently activated both p54 and p46 JNK (panel g). This
indicates that the intracellular JNK activation machinery
was intact in these cells. These observations are consistent
with our previous report (Li et al, 2001).
We made use of the lentiviral vector system,
pRRLsinhCMV, that offers more than 90% gene transduct-
ion efficiency in primary HK as previously shown (Chen et al,
2003). The three dominant-negative mutants used were: (1)
MEK1-K97M (which inhibits the ERK1/2 cascade), (2) p38a-
AF (which inhibits the p38 cascade), and (3) JNKK2-KM
(which inhibits the JNK cascade). Following a single infec-
tion, expression of these genes in HK was observed by
western immunoblotting analyses. As shown in Fig 6A, the
pRRLsinhCMV vector expressed the products of MEK1 (a),
p38a (b), and JNKK2 (c) at 5–9-fold higher level than their
endogenous levels (vector alone). Prior to infection, titers of
these viruses were further adjusted such that similar ex-
pression levels (5–7-fold) of the wild-type (wt) and mutant
forms of the transgenes were achieved.
The infected HK were subjected to migration assays ei-
ther on collagen alone or on collagen plus GF. As shown
in Fig 6B, overexpression of wt MEK1, p38a, and JNKK2
showed either no effect or a modest enhancement of the
collagen-initiated HK migration in the absence of GF (bars 3,
5, and 7). The MEK1-K97M mutant clearly inhibited colla-
gen-initiated migration (bar 4). In contrast, p38a-AF and
JNKK2-KM showed little effect (bars 6 and 8). These results
suggest that, among the three MAPK cascades, the ERK1/2
cascade is selectively involved in collagen signaling.
When the same cells were tested for GF-stimulated mo-
tility on collagen, both MEK1-K97M and p38a-AF blocked
GF-enhanced HK migration (Fig 6C, bars 4 and 6). The MI
were reduced from 30–35 to 9–15 by MEK1-K97M and
p38a-AF mutants, respectively. In contrast, JNKK2-KM
showed no inhibitory effect (bar 8). The wt forms of MEK1,
p38, and JNKK2 showed either a modest enhancement or
no effect (bars 3, 5, and 7 ). Taken together, these data
suggest that the ERK1/2 cascade takes part in both colla-
gen and GF signaling. The p38 cascade is only involved in
GF signaling. The JNK cascade is either not involved in HK
migration or is only minimally involved and below the sen-
sitivity of our assays.
Figure 2
The active versus passive effects of
collagen and growth factors (GF) on
human keratinocyte (HK) motility shown
by in vitrowound-healing assay. Twelve-
well tissue culture plates were uncoated or
coated with type I collagen (40 mg per mL,
2 h). Unattached collagen was removed by
washing with HBSS buffer. GF-starved
(18 h) HK were plated (250,000 cells per well)
in GF-free medium, so that the HK density
reached 90% confluence in each well
within 2–3 h. The ‘‘wounds’’ were made
with a p-200 pipette tip (Li et al, 2004). The
media were then changed to ones either
without or with GF and incubated for the
indicated periods of time. The wound clo-
sures were photographed and the quanti-
tation (average gap) was carried out as
described (Li et al, 2004). The results
shown here were reproducible in three in-
dependent experiments.
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To confirm the above findings, we tested inhibition of
these MAPK by chemical inhibitors. As shown in Fig 7,
blockade of the ERK1/2 pathway by U0126 (Fig 7A)
inhibited both collagen-induced (bars 3–5) and GF-en-
hanced (bars 7–9) HK migration in a concentration-depend-
ent manner. Inhibition of p38 by SB202190 (Fig 7B),
however, only blocked GF-enhanced HK migration (bars
7–9), but not collagen-induced HK migration (bars 3–5). In-
hibition of JNK by SP600125, even at high concentrations
did not significantly reduce GF-enhanced HK migration
(Fig 7C, bars 7–9). SP600125 showed no effect on collagen-
induced HK migration (bars 3–5).
Taking the inhibition of ERK as an example, as shown
in Fig 8A, a 15 min pre-treatment of HK with U0126 (and
Figure 3
Variable pro-motility effects of different extracellular matrices on human keratinocyte (HK). Growth factor-starved HK were subjected to
colloidal gold migration assay, in which the colloidal gold surface was uncoated or pre-coated with polylysine (20 mg per mL), type I collagen (40 mg
per mL), type IV collagen (35 mg per mL), fibronectin (15 mg per mL), vitronectin (4 mg per mL), laminin-1 (30 mg per mL), or laminin-5 (0.6 mg per mL)
for 4 h. HK were plated and incubated in the absence or presence of GF for 16 h (A). Computer-assisted quantitative analyses of the migration tracks
are shown as migration indices (MI) (%) (B) (Materials and Methods). Similar results were obtained from four independent experiments. As a positive
control for laminin-5, melanoma cells, M21 and M24, were subjected to migration on either laminin-5 and collagen (C). The MI were shown bellow
that images.
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continued presence during GF stimulation) inhibited
GF-stimulated ERK1/2 activation in a does-dependent
manner with complete inhibition of migration around 10–
30 mM (panel a, lanes 2–5). These concentrations are con-
sistent with previously published studies (Kelemen et al,
2002; Dazy et al, 2003; Pratt et al, 2003), although one other
study by Dmitrieva and Doris (2003) used lower concentra-
tions of U0126 with rat kidney cells. The differences are
likely due to various lengths of pre-treatment time and the
differential uptake rates of these chemical inhibitors by dif-
ferent types of cells (English and Cobb, 2002). Further, as
also shown in Fig 8A, the dominant-negative MEK1, but not
Figure 4
Growth factors (GF) induce polarization and
focal adhesion of human keratinocyte (HK) at-
tached to pro-motility extracellular matrices
(ECM). (A) GF-starved HK were plated on polyly-
sine- or collagen-pre-coated glass cover slips.
Following attachment (4 h), the cells were
treated without or with GF for the indicated peri-
ods of time. Cells were fixed, permeablized, and
stained with Rhodamine-conjugated phalloidin
(Materials and Methods). Eighty to 120 cells per
condition were analyzed under a fluorescent mi-
croscope (Axioplan, ZEISS). Images were cap-
tured under the same magnification by a real-time
digital camera (AxioCam MRm, ZEISS). More than
65% of the HK was polarized on collagen plus GF
(panels e–h), and less than 13% on polylysine plus
GF was polarized (panels a–d). (B) Similar exper-
iments except different ECM were used for pre-
coating cover slips. Significantly less number of
polarized HK were detected from the cells on col-
lagen IV (panels a0 and b0), fibronectin (panels c0
and d0) or vitronectin (panels e0 and f0)-coated sur-
face. No polarized HK were detected on laminin-1
(panels g0 and h0)-coated surface. All images were
captured under the same amplification. (C) HK on
collagen were treated with GF for the indicated
time like (A). Cells were fixed, permeablized, and
stained with indicated antibodies against focal
adhesion (FA)-associated proteins, FAK (panels
a–d), PY (phosphotyrosine) (panels e–h) and vin-
culin (panels i–l). The percentage of FA-forming
cells was based on 80–120 cell per condition anal-
yzed. All images were captured under the same
magnification.
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the wt gene, blocked GF-stimulated ERK1/2 activation
(panel c, lane 4 vs lane 3). Similar results were obtained for
the p38 MAPK pathway with SB202190 and p38 mutant
genes (Li et al, 2001).
Simultaneous activation of p38 and ERK1/2 partially
mimics ECM and GF pro-motility effects on HK The
above studies with individual infections suggest that two of
the three major MAPK are required for HK migration on
collagen in response to GF. Moreover, we have previously
shown that expression of a constitutively activated p38,
MKK3b (EE) was unable to drive HK migration in the ab-
sence of GF (Li et al, 2001). The question then was whether
simultaneous activation of these MAPK genes would be
sufficient to ‘‘reconstitute’’ the migratory signals of collagen
and/or GF. We first individually expressed the constitutively
activated MEK1 (ED), MKK3B (EE), and JNKK2-JNK1 in HK
and tested if they activated their specific downstream
MAPK, as expected. As shown in Fig 8B, MEK1-ED,
MKK3B-EE, and JNKK2-JNK1 expression caused activa-
tion of ERK1/2 (panel a, lane 3 ), p38 (panel c, lane 2 ), and
JNK (panel e, lane 4 ) in the absence of GF stimulation.
Stimulation with GF, anisomycin and LPS served as positive
controls for the activation of ERK1/2 (panel a, lane 2 ), p38
(panel c, lane 3 ), and JNK (panel e, lane 3 ).
We then tested if the lentiviral system was capable of
introducing multiple genes simultaneously into the same
HK. We individually cloned the EGFP (green), ECFP (blue),
and DsRed1 (red) genes into pRRLsinhCMV and co-infected
HK with all three constructs. As shown in Fig 8C, the triple-
infected cells revealed expression of EGFP (panel a), CGFP
(panel b), and DsRed1 (panel c). Panel d shows a merged
view and the co-expression of all three proteins simultane-
ously (panel d). These data indicate that the lentiviral system
is capable of simultaneously introducing multiple genes into
the same HK. Taking advantage of this system, we studied
the individual and combined effects of the three MAPK
genes. As shown in Fig 8D, none of the individual gene
products alone showed any effect on either collagen-
induced or collagen plus GF-stimulated HK migration (bars
4–9 vs 2–3). This is consistent with our previous report in
dermal fibroblasts (Li et al, 2001). As expected, co-infection
of the three fluorescent genes had little effect on collagen
or collagen plus GF-stimulated HK migration (bars 1–3). In
contrast, double infection with the constitutively activated
MEK1-ED and MKK3b-EE significantly augmented both
collagen-initiated and GF-enhanced HK migration (bars 10
and 11 vs bars 2 and 3). The co-infected MAPK were able to
increase HK migration on collagen without GF by 2-fold
over the control. Since the augmentation of HK motility by
these gene products did not quantitatively replace the effect
of GF stimulation, these data suggest that additional signa-
ling pathways are required to mimic fully the GF effect.
Consistently, co-infection with dominant-negative mutants
of ERK and p38 pathways synergistically blocked both
collagen-initiated and GF-stimulated HK migration (bars
12 and 13 vs bars 2 and 3).
Discussion
In the current study, we report that soluble GF by them-
selves are unable to directly initiate HK migration. ECM
such as collagens and fibronectin are HK motility-initiating
factors even in the absence of GF. When ECM and GF are
both present, the role of GF is to augment ECM-initiated
migration and provide directionality. Thus, GF stimulate HK
motility only when the cells are apposed to a pro-motility
ECM matrix.
We provide evidence that ECM’s initiation signal and
GF’s augmentation signal can be separated both at the level
of the actin cytoskeleton and downstream MAPK signaling
events. GF do not stimulate polarization of HK unless the
cells are apposed to a pro-motility ECM. Among the three
major MAPK cascades, the ERK1/2 cascade mediates both
collagen-induced and GF-enhanced HK motility. The p38
cascade specifically mediates GF’s augmentation signal.
We did not detect any significant role for the JNK cascade in
HK migration. Simultaneous activation of the ERK1/2 and
p38 cascades partially mimics the pro-motility effects of
collagen and GF. These findings, as schematically summa-
rized in Fig 8, clarify the previous confusion of whether or
not ECM and GF both can drive cell motility independently.
Figure 5
Selective activation of extracellular-signal-regulated kinase (ERK)
and p38, but not c-Jun N-terminal kinase (JNK), in human kera-
tinocyte (HK) on collagen plus growth factors (GF). HK were grown
to sub-confluent on collagen pre-coated plates, GF starved for 18 h,
and either untreated or treated with GF for 10 min. Some plates were
treated with TNFa or PLS as positive controls for activating JNK. The
lysates of the cells were directly resolved in six identical SDS-PAGE
and transferred to nitrocellulose membranes. These membranes were
then subjected to western blots with various antibodies: (a) anti-
phospho-ERK; (b) anti-ERK; (c) anti-phospho-p38; (d) anti-p38; (e, g)
anti-phospho-JNK; (f, h) anti-JNK. Results were visualized by ECL.
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To our knowledge, our study is the first to show that GF-
induced cell migration (or chemotaxis) cannot take place in
the absence of ECM-induced cell motility (or haptotaxis).
The source for the pro-motility ECM can come either from
the extracellular environment (exogenous) or from synthesis
and secretion of the cells themselves (endogenous). More-
over, this finding does not appear to be HK specific, since
similar observations were made in human dermal fibroblasts
(Li et al, 2004).
GF and ECM are two major families of extracellular pro-
motility factors, which always co-exist and work together
in vivo. Although their synergism to promote intracellular
signaling, cell motility, and cell proliferation has been well
documented (Schwartz et al, 1995; Eliceiri, 2001), the spe-
cific roles for ECM and GF during their synergistic action to
promote cell migration have never been defined. Because
of this overlooked problem, GF have often been used as the
sole source for stimulating cell migration on uncoated plas-
tic or glass surfaces (see refs herein). Under these condi-
tions, the detected cell migration was likely due to the cells
apposed to plastic or glass surface synthesizing and de-
positing their own pro-migratory ECM, which cannot be
Figure 6
Differential participation of mitogen-ac-
tivated protein kinase (MAPK) cascades
in collagen signaling. Primary human
keratinocyte (HK) were infected with lenti-
viral vectors carrying either wild-type (wt)
or DN forms of MEK1 (upstream of extra-
cellular-signal-regulated kinase 1/2), p38a,
and c-Jun N-terminal kinase (JNK)K2 (up-
stream of JNK) (see text). (A) Expression of
the various gene products was analyzed
by Western immunoblotting using anti-
MEK1 (A), anti-p38 (B), and anti-JNNK2
(C) antibodies. Expression levels of the
gene products were quantified by densi-
tometry scanning as fold increase over
their endogenous counterparts (lanes 2
and 3 vs lane 1). (B, C) The infected cells
were subjected to colloidal gold migration
assays on collagen. The migration was
measured as MI, as previously described.
Effects of the wt or the DN mutant MAPK
genes on collagen-induced initiation of HK
migration in the absence of GF (B). Effects
of the same genes on HK migration on
collagen in the presence of GF (C). The
results of one experiment from three inde-
pendent experiments are shown here.
Figure7
Effects of mitogen-activated protein kinase (MAPK) inhibitors on
human keratinocyte (HK) motility. To support the cellular genetic re-
sults shown in Fig 5, HK were pre-treated individually with various
dosages of specific MAPK cascade inhibitors, U0126 for MEK1,
SB202190 for p38, and SP600125 for JNKK1/2 for 30 min. The cells
were then subjected to colloidal gold migration assays in the continued
presence of the inhibitors. (A) Effects of increasing concentrations of
U0126 on HK motility on collagen in the absence (bars 2–5) or presence
(bars 6–9) of GF. (B, C) Effects of increasing concentrations of
SB202190 (B) or SP600125 (C) on HK motility on collagen in the ab-
sence (bars 2–5) or presence (bars 6–9) of growth factors (GF). These
experiments were repeated twice and similar results were obtained.
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controlled and may vary, both quantitatively and qualita-
tively, from experiment to experiment. In some other stud-
ies, the investigators did pre-coat the dishes or cover slips
with ECM prior to plating cells on them (Ando and Jensen,
1993; Jones et al, 1997; Haase et al, 2003; Pullar et al, 2003;
Sadowski et al, 2003). None of these studies, however, was
designed to define the specific roles of ECM versus GF, or
to explain whether there would have been a difference if the
surfaces were not pre-coated with ECM.
Our finding that there is an interdependent relationship
between ECM and GF in the regulation of optimal cell mo-
tility is further supported by previous studies. Tucker et al
(1991) showed that fibroblast growth factor (FGF) and TGFa
accelerated collagen-mediated dispersion and locomotion
Figure 8
Biochemical analyses of chemical in-
hibitor and gene mutants. (A, a and b)
Human keratinocyte (HK) were pre-treat-
ed with U0126 for 15 min prior to growth
factors (GF) stimulation for 10 min (in
continued presence of the indicated con-
centrations of U0126). (A, c and d) HK
were infected with vector alone (v), wild-
type (wt) or dominant mutant (DN) of
MEK1. (B) HK were infected with consti-
tutively activated MEK1-ED (a, b), con-
stitutively activated MKK3bEE (c, d) or
constitutively activated c-Jun N-terminal
kinase (JNK)K2-JNK1 (e, f). The lysates
of the cells were subjected to Western
blots with indicated antibodies. (C) HK
were infected with either single or co-in-
fected with multiple independent lentivi-
ruses carrying EGFP (green), ECFP
(blue), or DsRed (red) genes. Simultane-
ous expression of the three colored
genes in the same cell (panels a–c) and
their merged image (panel d) indicates
the feasibility of introducing multiple
genes into HK by the lentiviral system.
(D) HK were either single or double in-
fected with either the three colored
genes as controls (bars 1–3), or the con-
stitutively activated MEK1-2E (upstream
of ERK1/2) (bars 8 and 9), constitutively
activated MKK3-EE (upstream of p38)
(Bars (bars 4 and 5), or constitutively ac-
tivated JNKK2-JNK1 (upstream of JNK)
(bars 6 and 7), double infection of MEK1-
2E and MKK3-EE (bars 10 and 11) or the
kinase-dead forms of MEK1, JNKK2,
and p38 (bars 12 and 13). Following 48 h
of incubation, cells were GF starved and
then subjected to colloidal gold migration
assays in the absence or presence of GF,
as previously described. A representative
experiment of three independent exper-
iments was shown.
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of NBT-II carcinoma cells. They postulated that ‘‘substratum
conditioning’’ was responsible for the GF effect. Klemke et al
(1994) showed that human pancreatic carcinoma cells can
migrate on collagen, but not on vitronectin, in the absence
of GF. Activation of the EGF receptor then enabled the cells
to migrate on vitronectin in an a(v) b5-dependent manner.
Ware et al (1998) reported that EGF-stimulated migration
speed and directional persistence of NR6 fibroblast cells
could be influenced by ECM. Their data suggested coordi-
nation between ECM and GF. Moreover, Russell et al (2003)
reported that the extracellular domain of activated b4 inte-
grin integrates divergent effects of growth factors on the
cytoskeleton and adhesion receptors to achieve optimal
keratinocyte migration. Our study here directly defines the
specific roles for ECM and GF in initiation, augmentation,
and directionality of cell migration.
We do not understand fully how integrins possess the
ability to initiate cell motility in the absence of GF and
why GF are unable to initiate cell motility. Integrins perform
both ‘‘inside-out’’ and ‘‘outside-in’’ signaling (Giancotti and
Ruoslahti, 1999; Miranti and Brugge, 2002; Schwartz and
Ginsberg, 2002). In outside-in signaling, the activated inte-
grins engage in both parallel and vertical signaling events. In
parallel signaling, integrins associate with and modulate the
functions of growth factor receptor tyrosine kinases (RTK) at
the cell surface. Under certain conditions, the integrin can
trigger GF-independent activation of GF receptors. This co-
activation appears to be required for specific integrin signa-
ling to downstream pathways (Moro et al, 1998, 2002 and
reviewed by Eliceiri, 2001). These ‘‘dual’’ functions of inte-
grins may provide an explanation for why integrins are self-
sufficient to initiate cell motility without the help of GF.
In contrast to ECM, GF alone are unable to initiate HK
motility. At the molecular level, GF stimulate optimal signal
transduction only when the cells are apposed to an ECM. It
has been demonstrated that PDGF-BB and EGF stimulate
stronger tyrosine phosphorylation of PDGFR, EGFR, and
the downstream Ras-MAPK pathway in cells apposed to
ECM than cells in suspension (Miyamoto et al, 1996; Lin
et al, 1997; Renshaw et al, 1997; Moro et al, 1998). Although
GF activate Rac in suspended cells, the activated Rac fails
to couple to downstream effectors. In contrast, in cells ap-
posed to ECM, the ECM triggers the translocation of ac-
tivated Rac to the plasma membrane, where it connects
with a downstream pathway (Del Pozo et al, 2000). Fur-
thermore, in non-adherent cells, GF-stimulated JNK and the
PI-3K-Akt pathway are suppressed (Khwaja and Down-
ward, 1997; Short et al, 1998). Therefore, GF have only one
of the two required power sources for initiating cell motility.
They provide ‘‘fuel’’-like energy to enhance and optimize
ECM-initiated cell migration, but they cannot substitute for
ECM’s ‘‘pavement-support’’ role during the migration initi-
ation. Thus, ECM are the primary pro-motility factors where-
as GF are not.
Based on all of these studies, we propose the functional
relationship between ECM and GF is as follows: the ECM
signal plays an ‘‘active’’ role and the GF signal plays a
‘‘passive’’ role in cell migration. Together, ECM and GF pro-
vide optimal cell migration. This working model is summa-
rized schematically in Fig 9.
Materials and Methods
Primary HK were purchased from Clonetics (San Diego, California)
and cultured in the supplied EpiLife medium supplemented with
HKGS Kit (Cascade Biologics, Portland, Oregon) as the source for
GF. The final concentrations of the supplements by HKGS Kit in the
medium are 200 pg per mL of EGF, 5 mg per mL of insulin, 5 mg per
mL of transferrin, 0.36 mg per mL of hydrocortisone, 1  PSA
(penicillin, streptomycin, and amphotencin B), and bovine pituitary
extract (BPE, 1:500 dilution). This GF-containing medium is gen-
erally referred to as 1  GF medium. Third or fourth passaged HK
cultures were used for all experiments. Rat-tail type I collagen and
mouse type IV collagen were purchased from BD Biosciences
(Bedford, Massachusetts). Human fibronectin was purchased from
Sigma (St Louis, Missouri). Purified human vitronectin was from
Biosource (Camarillo, California). Rat LN-5 consisting of 160-
kDa (a3, g2, b3) chains, a 98-kDa g20 chain and a 70-kDa g2 
chain (on an SDS-PAGE) was purchased from Chemicon Interna-
tional (Temecula, California). Mouse LN-1 was prepared as previ-
ously described (Woodley et al, 1988). Poly-L-lysine (P-1274) and
colloidal gold (gold chloride, G4022) were purchased from Sigma.
Figure 9
A working model of how extracellular
matrices (ECM) and growth factors
(GF) work together to drive human ker-
atinocyte (HK) motility. The optimal HK
migration is controlled by the ‘‘dual signa-
ling’’ of ECM and GF, which bind to two
different families of cell surface receptors,
i.e. integrins and growth factor receptors.
ECM initiate HK migration and GF en-
hance and provide directionality for ECM-
initiated migration. Among the three major
mitogen-activated protein kinase cas-
cades tested, the collagen signaling and
GF signaling show specificity. p38 is for
GF pathway only and extracellular-signal-
regulated kinase (ERK)1/2 for both the
ECM and the GF pathways. c-Jun N-ter-
minal kinase (JNK) does not play an es-
sential role.
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Anti-p38 (a and b) antibodies (sc-535, sc-6176) and anti-JNKK2
antibody (T-19) were from Santa Cruz Biotechnology (Santa Cruz,
California). Anti-Mek1 antibody (#9122) was purchased from Cell
Signaling Technology (Beverly, Massachusetts). DNA restriction
enzymes, T4 DNA ligase and CIP were purchased from New Eng-
land BioLabs (Beverly, Massachusetts). SB202190, SB202474,
U0126, and SP600125 were purchased from Calbiochem (La Jolla,
California). Ultracompetent cells for lentiviral vector constructs
were from Stratagene (La Jolla, California). All other reagents, un-
less indicated, were from either VWR or Sigma.
Colloidal gold migration assay The colloidal gold migration as-
say was initially described by Albrecht-Buehler (1977) and modified
by Woodley et al (1988) using computer-assisted analysis. The
concentrations of various ECM for pre-coating were optimized (see
the detailed procedure by Li et al, 2001, 2004) or according to
manufacture’s suggestions (for LN-5).
For experiments with chemical inhibitors, HK were pre-treated
with SB202190, SB202474 (negative control for SB202190),
U0126, and SP600125 for 15 min prior to the migration assay (Li
et al, 2001). These inhibitors were also present throughout the as-
say period.
Statistical analysis The methodology to determine differences in
MI between experiments has previously been published (Chen et al,
1993). In brief, statistical analyses of the differences in MI between
triplicate sets of experimental conditions were performed using
Microsoft Excel. Confirmation of a difference in migration as sta-
tistically significant requires rejection of the null hypothesis of no
difference between mean migration indices obtained from replicate
sets at the p¼ 0.05 level with the Student t test.
In vitro wound-healing assay A modified procedure of the in vitro
wound-healing (‘‘scratch’’) assay (O’Toole et al, 1997) was as re-
cently described (Li et al, 2004). The key modifications are that (1)
the surface of the tissue culture plates or glass cover slips was pre-
coated with ECM or non-motile polylysine prior to plating cells on
them and (2) the wounds/scratches were made shortly after the
cells attached (within 2–5 h, depending on different ECM). The pre-
coated collagens and the relatively short cell attachment period
prevent additional coating by cell-secreted ECM. Mitomycin C (10
mg per mL) was included throughout the experiments to prevent
cell proliferation.
Cell staining and microscopic analyses The procedure for
staining cells with Rhodamine-conjugated phalloidin or various
antibodies was as previously described by us (Chen et al, 2000; Li
et al, 2004). The images of the stained cells were visualized under
fluorescent microscopy (Axioplan, ZEISS, Sunnyvale, California)
and photographed with a digital camera (AxioCam-MRm, ZEISS).
Eighty to 120 cells were analyzed for morphological polarization
under each experimental condition. Percentages of polarized cells
versus total cells were calculated.
Sub-cloning, production of lentiviral stocks, and infection The
lentivirus-derived vector, pRRLsinhCMV, was inserted with p38a (at
EcoRV), MEK1 (at SalIþSacII), and JNKK2 (at EcoRIþSacII), re-
spectively. These constructs were used to co-transfect 293T cells
together with two packaging vectors, pCMVDR8.2 and pMDG, as
previously described (Chen et al, 2003). The constitutively activated
MEK1 (ED) (from N. Ahn), MKK3B (EE) (from J. Han), and JNKK2-
JNK1 (from A. Lin) were also subcloned into pRRLsinhCMV.
Conditioned media were collected, filtered, and concentrated
prior to infections.
Cells were plated 1 d prior to infection in six-well tissue culture
plates at 25% confluence and subjected to infection as previously
described (Li et al, 2002). Potential cytotoxicity for HK following
infection or after treatment with pharmocological MAPK inhibitors
was examined by Trypan Blue exclusion and by a cell proliferation
assay after drug withdrawal as previously described (Li et al, 2001).
Our criterion for the Trypan Blue exclusion assay was that after
exposure to an agent, more than 90% of the cells excluded the
dye. Our second criterion for the lack of cytotoxicity was that the
cells were able to proliferate in culture at or above the 90% level of
unexposed control cells after exposure to the agent. Forty-eight
hours after infection, the cells were subjected to biochemical, cell
migration, and cell proliferation experiments.
Measurement of transgene expression levels Expression of the
gene products and activation of MAPK were detected by immuno-
blotting the lysates of infected cells with antibodies against cor-
responding gene products or their activated (phosphorylated)
forms. To measure the protein levels of exogenously expressed
gene products over their endogenous counterparts or their activity
following GF stimulation, various amounts (50 mg total cellular pro-
teins per sample) of equalized cell lysates (by Bio-Rad Protein As-
say, Hercules, California) were subjected to Western blot analysis
and the results visualized by ECL (Amersham, Piscataway, New
Jersey). Autoradiographs with an unsaturated exposure were used
to assess the approximate fold increase by scanning densitometry.
Means from three different exposures of the same experiment were
calculated and taken as the average fold increase.
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